We investigate the effect of internal electric field in InGaN well layer of InGaN/GaN multiple quantum well light-emitting diodes (LEDs) on efficiency droop behavior. The simulation results show that the internal electric field in InGaN well layers of Ga-polar LEDs is same as the direction of external electric field by forward bias voltage, resulting in a strong efficiency droop. However, N-polar LEDs show that the efficiency droop is drastically improved due to an increase of internal quantum efficiency and carrier injection efficiency by weakening the internal electric field with increasing the forward bias voltage and decrease of electron overflow. # 2012 The Japan Society of Applied Physics A s the efficiency of light-emitting diodes (LEDs) has increased, LEDs have found many applications, such as back light unit for television and solid-state lighting for general illumination. However, the external quantum efficiency (EQE) of LEDs drops rapidly as current density increases in InGaN/GaN multiple quantum well (MQW) LEDs.
A s the efficiency of light-emitting diodes (LEDs) has increased, LEDs have found many applications, such as back light unit for television and solid-state lighting for general illumination. However, the external quantum efficiency (EQE) of LEDs drops rapidly as current density increases in InGaN/GaN multiple quantum well (MQW) LEDs. 1) This phenomenon is called efficiency droop. For high power application of LEDs, the injection current is increased and efficiency droop becomes an unavoidable problem. There have been many reports about the origins of efficiency droop. Electron overflow, 2) low hole injection, [3] [4] [5] Auger nonradiative recombination, 6) and carrier delocalization 7) have been proposed as origins for efficiency droop. Group III-nitride semiconductors such as InN, GaN, and AlN have large piezoelectric polarization constants and spontaneous polarization constants along the [0001] direction. The direction of the internal electric field due to the total polarization in the InGaN well layer of Ga-polar LEDs is opposite to the built-in electric field of a p-n junction, as revealed by the photoluminescence measurement of LEDs with applied bias.
8) The large internal electric field in InGaN well layer in conventional Ga-polar LEDs induces spatial separation of electron and hole wave function as well as electron overflow to p-GaN region with increasing forward bias, leading to a large efficiency droop. However, the effect of internal electric field in InGaN well layer of N-polar LEDs, which has the direction same as the built-in electric field of p-n junction and has the direction opposite to the external electric field induced by forward bias voltage, on efficiency droop needs to be more investigated. In this study, we investigated the impact of direction of internal electric field in InGaN well layer of Ga-and N-polar InGaN/GaN MQW LEDs on efficiency droop behavior and N-polar LEDs show that the efficiency droop is improved due to an increase of internal quantum efficiency (IQE) and a carrier injection efficiency by weakening the internal electric field with increasing the forward bias voltage and decrease of electron overflow.
We investigated the effect of internal electric field in InGaN well layer on efficiency droop by using an LED simulator SiLENSe 4.4. In the simulation model, a 1.5-m-thick n-GaN layer with a doping concentration of 5 Â 10 18 /cm 3 was placed on a sapphire substrate and an InGaN/GaN MQW LED structure without an electron blocking layer (EBL) was constructed on the n-GaN layer, as shown in Fig. 1(a) . The MQWs were composed of two pairs of undoped InGaN well layers with a thickness of 2.5 nm and n-GaN barrier layers with a thickness of 7 nm and a doping concentration of 3 Â 10 18 /cm 3 . A 80-nm-thick p-GaN layer with a doping concentration of 5 Â 10 17 /cm 3 and a 30-nm-thick p þ GaN layer with a doping concentration of 1 Â 10 19 /cm 3 were placed on MQW region. A well thickness of 2.5 nm was used because this value is widely used in InGaN/GaN MQW LEDs and the indium composition in InGaN well layer was 17%. For a comparative study, LEDs with Ga-and N-polar configurations were constructed. Figures 1(b) and 1(c) show the schematic band diagrams of the Ga-and N-polar LEDs at zero bias, respectively. The carrier fluxes were calculated by selfconsistent solution of Poisson and drift-diffusion transport equations and the electron and hole wave functions for IQE were obtained by solving Schrödinger equations.
Figure 2 (a) shows the calculated IQEs of Ga-and N-polar LEDs as a function of current density. EQE is a product of IQE, carrier injection efficiency, and light extraction efficiency. Therefore, a decrease in IQE with increasing current density is known to be a major cause of efficiency droop. In the case of Ga-polar LEDs, the IQE increases at low current density and shows a maximum value of 51.2% at a current density of 11.6 A/cm 2 . As the current density increases further, however, the IQE decreases rapidly, showing efficiency droop. For the N-polar LEDs, the IQE shows its maximum value of 58.6% at a current density of 29.1 A/cm 2 . À3 A/cm 2 . This indicates that the electron overflow is negligibly small in N-polar LEDs despite of absence of EBL, meaning an improvement in carrier injection efficiency. A large electron flux in p-GaN region of Ga-polar LEDs is attributed to the electron transport by overflow and tunneling through quantum barriers. However, the electron overflow is dramatically decreased in N-polar LEDs. The simulation study showed that the threshold current of an N-polar configuration for violet InGaN/GaN laser diodes (LDs) was considerably improved due to a decrease of current overflow compared with a Ga-polar configuration. 9) Effective carrier confinement in the InGaN well layer of N-polar LDs due to modification of the band diagram was reported to be the main reason for the decrease of current overflow. In the present study, the decrease of electron overflow at high current density results in a higher carrier injection efficiency for N-polar LEDs. Figure 3(a) shows the conduction band diagrams of Ga-polar LEDs operating at zero bias and a forward voltage of 3.34 V which corresponds to a current density of 150 A/cm 2 . There is a strong internal electric field in the InGaN well layers of Ga-polar LEDs, and this is mainly due to the piezoelectric field. The direction of the internal electric field in the InGaN well layer is opposite to the built-in electric field of the p-n junction but it has the direction same as the external electric field induced by forward bias. As a result, the internal electric field in the InGaN well layer is increased with increasing the forward bias voltage. The calculated internal electric field in the InGaN well layer adjacent to the p-GaN layer increases from À1:34 Â 10 6 V/cm at zero bias to À1:37 Â 10 6 V/cm at a forward voltage of 3.34 V (the minus sign indicates the direction of the electric field from p-GaN to n-GaN). The direction of the net internal electric field in the InGaN well layer, which is composed of an electric field induced by built-in potential, polarization, and external bias, is indicated by the arrows in Fig. 3(a) . Figure 3(b) shows the conduction band diagrams of N-polar LEDs at zero bias and 3.49 V for the current density of 150 A/cm 2 . Contrary to the Ga-polar LEDs, the direction of the internal electric field in the InGaN well layer is the same as that of the built-in electric field of the p-n junction and it is opposite to the external electric field induced by forward bias. Consequently, the internal electric field in the InGaN well layer of N-polar LEDs at zero bias is stronger than that of the Ga-polar LEDs because the electric field induced by polarization and the built-in electric field of the p-n junction has the same direction in the N-polar LEDs. 10) However, the internal electric field decreases with increasing the forward bias voltage because the direction of internal electric field in InGaN well layer of N-polar LEDs is opposite to the direction of external electric field by forward bias voltage.
11) The calculated internal electric field in the InGaN well layer adjacent to the p-GaN layer decreases from 2:23 Â 10 6 V/cm at zero bias to 9:48 Â 10 5 V/cm at a current density of 150 A/cm 2 . The direction of the net internal electric field in the InGaN well layer and the components of electric fields are also indicated by the arrows in Fig. 3(b) . The emission wavelengths of Ga-and N-polar LEDs at a current density of 150 A/cm 2 are 431 and 426 nm, respectively. The blue-shift of wavelength in Npolar LEDs is attributed to a reduction of internal electric field in InGaN well layer at high current density.
Figures 4(a) and 4(b) show the electron and heavy hole wave function of Ga-and N-polar LEDs at 150 A/cm 2 . The calculated electron and heavy hole wave function overlap of Ga-and N-polar LEDs are 39.0 and 59.3%, respectively. The improved wave function overlap at high current density is attributed to the reduced internal electric field in InGaN well layer of N-polar LEDs with increasing forward bias voltage, as shown in Fig. 3(b) . The enhanced wave function overlap of N-polar LEDs at high current density results in the increase of IQE and improved efficiency droop.
Recently, a few studies of N-polar LEDs have shown that N-polar LEDs can be realized, 11) but their optical properties are inferior to Ga-polar LEDs. 12) However, a recent study demonstrated that the efficiency droop of N-polar LEDs is remarkably improved 13) and this result is agreed with our simulation study of efficiency droop of N-polar LEDs, showing an increase of IQE and carrier injection efficiency by weakening the internal electric field with increasing the forward bias voltage and by decreasing the electron overflow at high current density. It is known that the N-polar LEDs grown by metalorganic chemical vapor deposition show a poor surface morphology. 14) Therefore, an alternative way to get a reverse direction of internal electric field in InGaN well layer is the growth of p-down structure. 15) A high quality pdown LEDs structure can be achieved by using a separate growth process to prevent the degradation of MQW region from Mg memory effect.
In conclusion, efficiency droop behavior of Ga-and Npolar LEDs was investigated. A simulation study of LEDs shows that the efficiency droop is drastically improved in Npolar LEDs where the direction of the internal electric field in the InGaN well layer is opposite to the external electric field induced by forward bias voltage. The improvement of efficiency droop in N-polar LEDs is attributed to a decrease of an internal electric field in InGaN well layer with increasing forward bias voltage which enhances the electron and hole wave function overlap and to a decrease of the electron overflow at high current density.
